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Abstract
This article reports on laser absorption spectroscopy
of iodine gas between 915 nm and 985 nm. This wave-
length range is scanned utilizing a narrow linewidth
and mode-hop-free tunable diode-laser whose fre-
quency is actively controlled using a calibrated wave-
length meter. This allows us to provide an iodine
atlas that contains almost 10,000 experimentally ob-
served reference lines with an uncertainty of 50 MHz.
For common lines, good agreement is found with a
publication by Gerstenkorn et al. [1]. The new rich
dataset allows existing models of the iodine molecule
to be refined and can serve as a reference for laser
frequency calibration and stabilization.
1 Introduction
Frequency standards are of prime importance in mod-
ern metrology applications. The most precise stan-
dards are realized by optical clocks, which — through
laser spectroscopy and frequency stabilization of the
interrogating laser field to a narrow clock transition
— already create frequency standards beyond the
best realizations of the SI definition of the second.
Thus frequency standards with relative frequency in-
stabilities below the representations of the SI second
derived in microwave clocks are created [2]. Fre-
quency combs are used to link between the microwave
and the optical frequency domain: The precision and
the stability of one frequency standard may be trans-
∗Corresponding author: christian.noelleke@toptica.com
ferred to another. For example, the frequency of a
cw laser may be either counted or stabilized rela-
tive to the timing signals of GPS [3, 4, 5]. How-
ever, frequency combs are too elaborate for many ex-
periments. A simpler and low-cost alternative is the
use of a laser that is stabilized to known transition
frequencies of atoms or molecules. Such a setup pro-
vides stabilities of a fraction of the natural linewidth,
which is typically a few MHz. For example, in cold-
atom experiments the lasers for cooling the atoms are
frequency stabilized to a saturated absorption spec-
troscopy signal using an appropriate reference gas cell
[6]. In many cases a direct reference is not available:
Lasers driving repumping transitions cannot be sta-
bilized because none of the connected states are ther-
mally populated. Another example is a multi-photon
excitation scheme, e.g. to excite Rydberg states. Fur-
ther examples include lasers cooling trapped ions or
lasers that need to be stabilized to a frequency de-
fined by an effect on a transition such as a magic
wavelength in an optical lattice clock [7, 8] or in
spinor gases [9]. To overcome this problem, wave-
length meters can be used. Commercial instruments,
e.g. based on Fizeau interferometers, can provide pre-
cise frequency readings down to the MHz level, how-
ever require a reference laser of known frequency for
calibration to reach this accuracy.
Rotational and vibrational levels in molecules pro-
vide a rich manifold of absorption lines over huge
spectral ranges. In particular iodine can serve as a
frequency standard throughout the visible and near
infrared region [10]. Hyperfine transitions of iodine
within the gain profile of helium-neon lasers serve as
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secondary representation of the SI-second [11]. Other
frequencies of specific interest have triggered highly
accurate frequency measurements of particular iodine
lines [12, 13]. Another application example of iodine
cells serving as a frequency reference is the search for
exoplanets: Iodine absoption spectra are co-recorded
with the spectra of stars whose lines are frequency
shifted by the Doppler effect due to the movement
induced by an orbiting planet [14, 15].
Iodine also provides a wealth of spectroscopic data
that has been used to derive models of the molecu-
lar states whose ro-vibrational (and hyperfine) levels
provide seemingly neverending lists of transition fre-
quencies. The B 3Π+0u – X
1Σ+g system of iodine has
been analyzed and modeled in great detail and with
high precision [16], including hyperfine structure for
the different isotope combinations [17, 18]. Preci-
sion spectroscopy of the B – X transitions enables
laser frequency stabilization on the level of MHz or
even below [19, 20]. The A 3Π1u – X
1Σ+g system has
a much smaller coupling strength resulting in high
power requirement for saturation of the transitions.
Hence only Doppler broadened spectroscopy data is
available [1]. The latest analysis is based on data
from Fourier transform spectroscopy of light scat-
tered from iodine molecules [21]. In this work, we
take another experimental approach: The light of
a widely-tunable laser is sent through a glass cell
filled with iodine gas. We compose a list of iodine
absorption lines, which can be used as a frequency
standard in the spectral range between 915 nm and
985 nm. This atlas of transition frequencies as well
as the recorded spectrum are available through the
online data repository of this article [22].
2 Experiment
2.1 Experimental Setup
Figure 1 shows the principle of the experimen-
tal setup. The linearly polarized light from the
laser (TOPTICA DLC CTL 950) is directed to the
spectroscopy setup via a single-mode polarization-
maintaining fiber thereby also cleaning up the spatial
mode. The laser can be tuned from 915 nm to 985 nm
without mode hops. The short-term linewidth of the
laser is measured using the self-heterodyning method
[23], and is found to be < 5 kHz (corresponding to
< 1.5 × 10−5 pm) for an integration time of 5 µs,
which is much smaller than the observed spectral fea-
tures.
A small fraction of the light is tapped-off and di-
rected to a wavelength meter (HighFinesse WS8-2).
Another part is directed to an Si-photodiode to mea-
sure the power before the cell as reference for deter-
mining the relative absorption. The main part of the
light passes a 75-cm-long iodine-filled (isotope 127I,
no buffer gas) cell three times, resulting in an effec-
tive length of 225 cm. The cell has Brewster-angled
windows to minimize reflection losses. The optical
intensity inside the cell is approximately 10 kW/m2.
The power transmitted through the cell is measured
with another photodiode. The temperature of the cell
body and the cold finger are controlled independently
(Tc and Tf , respectively). We set the cold finger to
a temperature of Tf = 39
◦C, corresponding to an
iodine vapour pressure of 127 Pa. The correspond-
ing pressure shift is approximately 1 MHz (0.003 pm)
[24]. The cell body is heated to Tc = 300
◦C in or-
der to increase the signal-to-noise ratio, utilizing the
effect of temperature via the Boltzmann distribution
on the relative level population.
The laser’s vacuum wavelength is continuously
measured with the wavelength meter. The scan is
performed step-wise. The desired wavelength is set
in the wavelength meter’s software. A feedback loop
to the laser based on a digital PID control then sta-
bilizes the laser wavelength to the value measured
by the wavelength meter. The correction rate of the
feedback loop is on the order of 10 Hz. After the
wavelength has been stabilized, the measurement of
the cell transmission is performed. To obtain a high
absolute accuracy, the wavelength meter is calibrated
to a reference laser with known wavelength. The ref-
erence laser is an external-cavity diode laser (TOP-
TICA DL pro) stabilized to the F=4 → F=4 hyper-
fine transition of the cesium D1 line (895 nm), which
is close to the wavelength range investigated in this
study. During the measurements, the wavelength me-
ter is calibrated every five minutes. The drift of the
wavelength meter during this interval is negligible.
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Figure 1: Sketch of the experimental setup. Parts of the beam from the the continuously tunable laser (CTL)
are directed to a wavelength meter (WM) and a photodiode (PD1). The beam path is folded using two mirrors
(M) such that it passes the cell three times. The cell is located in a temperature-controlled chamber, that
allows the temperature of the cell body and the cold finger to be set independently. The transmitted power
is measured by a photodiode (PD2). The wavelength meter is calibrated with an external-cavity diode laser
(DL pro) that is stabilized to a Doppler-free cesium spectroscopy (Cs).
The absolute accuracy of our setup is determined by
the accuracy and stability of the reference laser, the
performance of the feedback-loop, and the accuracy
of the wavelength meter. We find that the major
contribution stems from the accuracy of the wave-
length meter and its calibration and estimate the un-
certainty of the frequency measurement to be 20 MHz
(0.06 pm).
2.2 Spectroscopy results
We perform laser absorption spectroscopy of iodine
over the entire spectral range covered by the laser,
i.e. from 915 nm to 985 nm, with a scan speed of
1 nm per hour. The wavelength is increased in steps
of 0.1 pm (33 MHz) by changing the set wavelength
of the feedback loop. For each wavelength, the ab-
sorption of the laser by the iodine is measured. The
integration time for each data point is 10 ms. As an
example, Fig. 2 shows a part of the complete data
set. The spectral resolution of 0.1 pm is well below
the width of the Doppler-broadened lines of 1.5 pm.
We note that the chosen step-size is a trade-off be-
tween high resolution and measurement time. With
the equipment used in this study, the resolution could
be as low as 0.003 pm, only limited by the resolu-
tion of the wavelength meter. We use the feedback
to a piezo electric element acting on the laser cavity
whose control has a resolution at the few kHz level
(10−5 pm). Even smaller frequency steps are possi-
ble by controlling the current of the laser diode. The
absorption of the strongest lines we observe is 15%.
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Figure 2: Small part of the recorded spectrum and
determined lines therein. The solid blue line shows
the measured spectrum, the red dots indicate iden-
tified peaks. The dashed black vertical lines corre-
spond to the lines identified in [1].
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We determine the spectral positions and am-
plitudes of each absorption line by analyzing the
recorded spectral data numerically. The employed
Python library for peak detection is available online1.
Before conducting the peak analysis, a moving aver-
age filter is applied, averaging over five neighboring
data points. We use a minimum prominence of 0.3%
as an additional criterium for the peak detection. The
spectral position and amplitude are evaluated at the
maximum of the line. Due to free space optical paths
in the laser absorption spectroscopy setup, absorp-
tion lines from water resonances appear in our data
induced by humidity of the air. We confirmed in
an independent measurement without the iodine cell
in the beam path that water lines are present. Since
the water spectrum in the near-infrared region is well
known, we used an existing database [25] to mark
all measured lines within 4 pm of a water line (cor-
responding to the Doppler width of water at room
temperature). We only considered those water lines
intense enough to be above the signal-to-noise ratio
of our measurement by deriving a minimal intensity
from comparing the recorded spectrum (without the
iodine cell) with the simulated water spectrum. This
enables us to ensure that only iodine lines are in-
cluded in further analysis. We identified a total of
9970 iodine lines in the investigated spectral range.
The uncertainty in the absolute frequency of the de-
termined line center measurements of this study is
approximately 50 MHz (0.15 pm) and is a combina-
tion of the uncertainty in the absolute frequency mea-
surement (20 MHz), the step size of the wavelength
scan (33 MHz) and the line position determination
(30 MHz).
2.3 Discussion
In order to compare the data to the iodine atlas in
[1], we calculate the deviation between lines that were
identified in [1] and in this study. In the investi-
gated spectral range, a total of 3769 lines have been
identified in [1]. For all but 78 of these lines, we
find a corresponding match in our list of identified
lines. Missing lines are typically two closely spaced
1https://github.com/kricki/py-findpeaks
lines that were not identified by the employed algo-
rithm. The statistics of these 3691 residuals is shown
in Fig. 3. The mean value of 0.4 pm (corresponding
to approx. 130 MHz) indicates a systematic offset be-
tween the two studies, where the positive sign means
a higher measured wavelength in our study. The off-
set is in agreement with the combined accuracy of
these studies, with contributions of 0.45 pm from [1]
and 0.15 pm from this work. The standard deviation
is smaller than the offset, indicating that statistical
processes are under good control in both studies.
Due to the higher spectral resolution of our exper-
imental method, we are able to detect lines that have
not been resolved in [1]. We identified about 6000 ad-
ditional lines in the investigated spectral range. As
can be seen Fig. 4, the average spacing between iden-
tified spectral lines is approximately 4 pm, compared
to about 10 pm in [1]. Almost no gap larger than
20 pm between two neighboring line remain in the
atlas of lines provided with this study. In contrast, a
long tail of large spectral gaps exists in the atlas of
[1].
We note that the width of the measured lines is
limited by Doppler broadening and the underlying
hyperfine structure is not resolved. Hence, a peak
of a line does not necessarily align with the transi-
tion energy between the ro-vibrational levels. Once
lines are assigned to the ro-vibrational levels and the
underlying hyperfine structure is understood, fits to
the line profile taking the hyperfine components into
account can be applied to the primary data [22].
3 Conclusion and Outlook
This study presents laser absorption spectroscopy of
iodine between 915 nm and 985 nm. In this wave-
length range, we found almost 10000 absorption lines.
We find excellent agreement between our data and
the results of a previous study by Gerstenkorn et al.
[1], which used an alternative experimental approach.
Due to the increased resolution and the improved sig-
nal to noise ratio, we were able to add 6000 lines to
the existing data file and reduce the frequency uncer-
tainty to 50 MHz. The resulting atlas may serve as
reference for spectroscopic experiments in this spec-
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Figure 3: Statistics of residuals between this study
(accuracy 0.15 pm) and [1] (accuracy 0.45 pm).
tral range with unprecedented line density and fre-
quency accuracy. The improved and enriched data
field of this study provided in the data repository of
this paper [22] may help to resolve residual ambigui-
ties of the latest study of the A – X system.
The resolution and the absolute accuracy of our
setup are limited by the accuracy of the wavelength
meter. Both can be improved by measuring the laser
wavelength with a frequency comb instead of a wave-
length meter [26, 27] or by dual comb spectroscopy
[28]. Conversely, from the known spectral positions
of the absorption lines, the CTL laser system in com-
bination with an iodine cell can serve as a synthesizer
for optical frequencies with a precision of a few MHz,
corresponding to a relative precision of about 1 in 108.
The average line spacing of 1 GHz could be bridged
by acousto-optical or electro-optical modulators, so
that the laser can be set and stabilized to arbitrary
frequencies by referencing it to one of the absorption
lines reported in this study.
For more refined theoretical molecular models and
frequency standards with an absolute accuracy below
10−8, Doppler-free spectroscopy is desired. The out-
put power of the laser used in this work is too low to
achieve significant saturation, and hence the width of
the absorption lines is limited by Doppler broadening.
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Figure 4: Statistics of spacing between neighboring
lines. Open blue bars show the statistics of this study,
red filled bars show the statistics from [1] for compar-
ison.
However, using a tunable laser in combination with a
tapered amplifier to boost the available power could
be used to perform saturation spectroscopy. Alter-
natively, a build-up cavity would increase the optical
power inside the cell.
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